The strength of ceramic materials is intimately related to the existing residual stresses which result primarily from monuniform temperature distributions during manufacturing. Measurement of residual stresses cannot be accomplished by conventional experimental methods since the strain sensor is insensitive to the strain history and measures only changes in strain after installation. The prevailing approach in determining residual stresses is the relief of these stresses by material removal and the measurement of the relieved strains by conventional methods. The objective of the present work was to determine residual stress distributions in reaction-bonded silicon nitride plates and cylinders. Two methods were used, the hole drilling method and the progressive boring method. The former was used for plates where a number of small holes were drilled at several locations on both surfaces of the plate. In the second method a central hole of progressively increasing diameter was bored in the cylinder while monitoring the strain relief on the outer surface of the cylinder. This approach yielded the complete distributions of residual stresses along the cylinder diameter. Results of residual stress distribution in both plates and cylinders were given.
INTRODUCTION
Residual stresses in materials and structural or machine components are usually induced by manufacturing and fabricating processes, such as casting, rolling, forging, welding, heat treatment etc. Generation of residual stresses during metal-forming process, for example, is due to the nonhomogeneous plastic deformation in the work piece. On the other hand, during heat treatment when a material is cooled quickly the surface contracts more than the interior resulting to compressive surface residual stresses. However, tensile surface residual stresses can be created during heat treatment when the material undergoes phase transformation. Residual stresses add algebraically to the stresses due to live loads and therefore they have a detrimental or beneficial effect on the life of the component. Tensile residual stresses may contribute to the development of fatigue and stress corrosion cracks which are nuclei of failure initiation, whereas compressive residual stresses tend to inhibit these occurrences. Removal of residual stresses is not an easy task. The most prevailing method of thermal stress relief is expensive and incomplete. It can be detrimental to other characteristics of the object, cause dimensional changes and cannot easily be applied to large components. Mechanical stress relaxation involving cold working and vibration is an alternative often used in such cases [1] .
Measurement of residual stresses cannot be accomplished by conventional experimental methods since the strain sensor is insensitive to the strain history and measures only changes in strain after installation. Nondestructive methods including Raleigh surface waves, acoustoelasticity and X-ray diffraction, were used to measure residual stresses. The X-ray diffraction method which gains popularity necessitates bulk and complex equipment and is limited to strain measurements in only very thin surface layers. Although a great deal of progress has been achieved, these methods still present inherent difficulties and a number of problems have to be resolved before they receive a wide acceptance for measuring residual stresses. Destructive methods of determining residual stresses are based on the relief of these stresses by material removal and the measurement of the relieved strains by conventional methods. Among the destructive methods the hole-drilling method gained high popularity for residual stress measurements. The method is based on the relaxation of the residual stresses at the point of interest by introducing a hole of very small diameter and measuring the relieved strains at some distance from the hole. Elasticity solutions mainly based on the finite element method are used to calculate the residual stress from the relieved strains. Application of the method is relatively simple and can be assisted by using commercially available equipment and supplies. The method can serve in the development and calibration of nondestructive methods and techniques. For a review of the hole-drilling and the nondestructive methods of measuring residual stresses the reader is referred to reference [2] . The method of progressive hole boring for the determination of residual stresses in axisymmetric cylindrical bodies has been developed by Sach [3, 4] . According to this method a central hole of progressively increasing diameter is bored in the cylinder, while monitoring the strain relief on the outer surface of the cylinder. Analytical expressions were developed for the determination of axisymmetric three-dimensional residual stress distributions from the relieved strains.
Ceramic bodies produced by various manufacturing processes, such as reaction bonding, sintering, hot pressing, offer excellent opportunities for the development of residual stresses. For example, in the microwave reaction bonding of ceramics temperature gradients through the billet may develop, resulting in nonuniform sintering and densification and thereby in residual stresses. These stresses affect the thermomechanical properties of ceramic bodies. Thus the properties of a ceramic may vary widely, depending on the manufacturing method.
A number of studies devoted to the determination of residual stresses in ceramics. Fulrath [5] determined residual stresses in model ceramic systems of crystals and glass fabricated by vacuum hot compaction using the X-ray diffraction method. A minimum residual stress of approximately 2 ksi in alumina crystals was measured. The development of residual stresses was attributed to wetting of the crystal by the glass and the formation of a second crystalline phase. It was also found that the strength of the ceramic decreases with increasing residual stress. Grossman and Fulrath [6] measured residual stresses in model ceramic systems using A1 2 0 3 and ThO z crystal phase compacted with various glass in the system Na 2 0-B 2 0-Si0 2 . Stresses of the order of 12 ksi were measured in glass-thoria crystal compacts. Smith and Weissmann [7] determined the distribution of residual stresses on a series of BeO tubes using X-ray double-crystal diffractometry and X-ray topography. Large residual stresses were measured as a result of processing and the magnitude of the residual strain for specimens with grains of random orientation was about twice that of specimens with grains in preferred orientation., Baratta [8] determined analytically the complete triaxial residual stress distribution in a transversely anisotropic, thick, hollow cylinder which was chemically vapor deposited at an elevated temperature. Results for the stresses were given for cylinders of pyrolytic graphite and pyrolytic silicon carbide with a ratio of the outer to inner radius of 1.30. Finally, Ruud and Gazzara [9] measured residual stresses in two alumina and a silicon carbide specimens using X-ray diffraction and an advanced X-ray instrument. For a detailed description of measurement of residual stresses by X-ray diffractometry the reader is referred to the book by Noyan and Cohen [10] .
In the present paper residual stress distributions in reaction bonded silicon nitride plates and cylinders were determined by the hole-drilling and the progressive boring methods. Results were given for residual stress distributions in graphical form.
Figure 1
Strain gage rosette arrangement in a reaction-bonded silicon nitride plate for residual stress measurement using the hole drilling method. 
Figure 2
Normalized relieved strains versus ratio of hole depth to diameter in the hole drilling method.
and not the strain at a particular point. Thus, A and Β depend on the geometry of the hole and the strain gage rosette and have been determined for a number of commercially available strain gage rosettes
c. Experimental Procedure and Results
A Micro-Measurements strain gage rosette type EA-06-062RE-120 was applied to the surface of the plate (Fig. 1 A plot of the relieved strain as a percentage of strain relieved at depth Z = D 0 versus the ratio of hole depth to diameter is shown in Fig. 2 for the three strains ε,, ε 2 and ε 3 . In the same figure the curve recommended by ASTM [12] for the maximum strain ε, in order to check for stress uniformity through the hole depth was also drawn. Note that the experimental results are scattered and deviate from the curve recommended by ASTM which indicates that the stresses are not uniform through the hole depth. The maximum measured relieved strains at the final hole depth were of the order of 25 μβ. From the analysis of experimental results it was found that the normal residual stresses (σ χ and o y ) at the upper surface of the plate are compressive with values σ χ = 13 MPa (1,852 psi) and o y = 10 MPa (1,429 psi). From similar measurements the σ χ residual stress is compressive and equal to 1.7 MPa (252 psi), and the a y stress is tensile and equal to 7.2 MPa (172 psi).
From the values of stresses σ" and o y at the upper and lower surfaces of the plate and using the equilibrium equations, the stress distribution through the plate thickness was calculated. Results are shown in Figure 3 
RESIDUAL STRESSES IN CYLINDERS
Cylinders of reaction-bonded silicon nitride were used to measure residual stresses induced during consolidation. The material was provided by Cercom Inc. in the form of long cylinders of diameter 1 in. The cylinders were cut to a thickness of 0.635 (0.25 in.). The material properties were the same as those of the previous section.
b. The Progressive Boring Method
The progressive boring method was used for the determination of residual stress distributions in reactionbonded silicon nitride cylinders. According to this method, a central hole of progressively increasing diameter is bored in the cylinder while monitoring the strain relief on the outer surface of the cylinder.
The circumferential, σ β , and radial, o r , stresses are determined by [3] 
RESIDUAL STRESSES IN PLATES a. Material
Plates of reaction-bonded silicon nitride were used to measure residual stresses induced during consolidation. The material was provided by Cercom, Inc, in the form of rectangular plates of dimensions 14.27 χ 5.36 χ 1.46 cm (5.618 χ 2.113 χ 0.575 in.). The plates had an initial warpage which was indicative of the existing processing residual stresses. The modulus of elasticity and Poisson's ratio provided by the manufacturer had the values 11.6 χ 10® psi (80.04 MPa) and 0.22.
b. The Hole-drilling Method
The hole-drilling method was used to measure residual stresses at the top and bottom surfaces of the plates. According to this method when a hole of diameter D 0 is drilled into a residual stress field with principal stresses σ χ and o y the relieved radial strain at a distance D/2 from the center of the hole is given by [11] ε, = (A + Β cos 2a) o x + (A -Bcos2a)a 0)
where
In the above equations α is the angle between the directions of ε, and σ χ , Ε the modulus of elasticity, ν Poisson's ratio and r = D/D 0 .
For the determination of the two principal stresses and their angle of inclination in the general case of a two-dimensional residual stress field the relieved strains at three different locations should be measured. A three-strain gage rosette with gages placed at the same distance D/2 from the center of the hole and at inclination angles a,, ctj = α,+45 0 and 03 = a,+90° is used, where a, is the acute angle from the nearer principal axis to gage 1. The residual stresses σ χ and o y and their angle of inclination a, are then determined from [11] ± & /(ε, -ε^Με,-ε,)* ( 3a > 4A 4B tan 2α, = 6l ~ ^ * 63 (3b) e, " Ea where ε,, ε 2 and ε 3 are the relieved strains at locations a,, cv, and 03.
When a blind hole is drilled in the plate the quantities A and Β (replacing the quantities A and Β in equation (1)) are not anymore given from equation (2) due to the development of a triaxial stress distribution around the hole. Furthermore, the strain gage output is the average strain over the gage area Ζ Figure 5 Strain gage arrangement in a reaction-bonded silicon nitride cylinder of radius R with a hole of radius r for residual stress measurement using the progressive boring method. 
In the above equations ε ζ and ε^ are the axial and circumferential relieved strains at the outer surface of the cylinder, R is the radius of the cylinder and r is the radial distance to the point with residual stresses σ θ and o r .
c. Experimental Procedure and Results
Holes concentric to the disk axis of progressively increasing diameter 2r were bored in the specimens using diamond core drills of various diameters (Fig. 5) . The axial ε ζ and circumferential ε θ relieved strains on the outer surface of the disk were measured by strain gages. Stability problems of long-term strain measurements were caused by incompletely cured adhesive, inadequate heat dissipation by the gage, moisture or humidity variation effects, instabilities in the resistors of the inactive arms of the Wheatstone bridge and cooling water in the drilling process. These problems were especially acute because the strains measured were extremely small (of the order of 10 μβ). These problems were alleviated by using: (a) gages with larger grid area, (b) dummy gages to compensate for the temperature effects, (c) coating to protect the gage installation from moisture in the air and (d) a dry ice air cooling system in the drilling process. A view of the fixture used for application of the progressive boring method to cylindrical specimens and strain monitoring is shown in Fig. 6 .
Following the above procedure reliable strain readings were obtained. Fig. 7 presents the variation of Ν defined by Equation (5a) versus the boring area A. Based on the curve of Fig. 7 and using Equations (4a) and (4b) the radial o r and circumferential σ θ stresses were obtained. Figure 8 shows the variation of stresses a, and σ θ in the radial direction. The radial stress is compressive throughout being approximately 4.1 MPa (600 psi) at the center and zero on the outer surface. The circumferential stress is compressive near the center and becomes tensile toward the surface. The maximum compressive circumferential stress at the center was of the order of 4.1 MPa (600 psi), while the maximum tensile circumferential stress on the outer surface was of the order of 7 MPa (1,000 psi).
CONCLUSIONS
In the present investigation residual stress distributions in reaction-bonded silicon nitride rectangular plates and cylinders were determined by the hole-drilling and the progressive boring methods. In both methods the relieved strains due to the opening of either a small blind hole or a through thickness hole were measured. Difficulties in the determination of residual stresses were encountered due to the very small values of the relieved strains. Special precautions were taken to overcome these problems and obtain reliable strain measurements. From this study the following conclusions are drawn: a. The usefulness and versatility of the hole drilling and progressive boring methods to determine residual stress distributions in reaction-bonded silicon nitride plates and cylinders was demonstrated. However, due to the very small values of the relieved strains, both methods should be applied with particular care and special precautions should be taken to obtain reliable results.
b. Non-symmetric residual normal stress distributions through the plate thickness were obtained in initially warpaged rectangular plates by the hole-drilling method. The maximum stress measured on the surface of the plates was of the order of 12.4 MPa (1,800 psi). Variation of Ν ( = ε β + ν ε ζ ) versus cross-sectional area of drilled hole in the progressive boring method.
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Figure 8
Radial and circumferential residual stress distributions in the radial direction.
c. Radial and circumferential residual stress distributions in the radial direction in cylinders of diameter 2.54 cm (1 in.) were obtained and plotted. The radial stress was compressive throughout with maximum value at the center of the order of 4.1 MPa (600 psi) and zero on the outer surface. The circumferential stress had a maximum compressive stress at the center of the order of 4.1 MPa (600 psi) and a maximum tensile stress on the outer surface of the order of 7 MPa (1,000 psi).
The results of this study shed light into the complicated problem of residual stress measurements in ceramics. This problem is of utmost importance because the residual stresses play a vital role for the use of ceramics in engineering applications.
